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Abstract 
Tension and shear tests are carried out on composite cross-joints, produced by resin transfer moulding (RTM), stitch-RTM and 
cobonding techniques separately, to investigate the influences of different production methods on their mechanical properties and 
their failure mechanism. It is concluded from test results that, in terms of mechanical properties, the RTM-made cross-joint holds 
superiority over other two, and both stitch-RTM and cobonding methods have significant adverse effects on mechanical proper-
ties. Experimental observation and finite element (FE) numerical simulation show that the delamination first takes place at the 
upper triangle-like resin-rich zone of joints, then propagates along the interface between the zone and the curved webs/flanges to 
the bottom plate, and grows along the horizontal bottom plate till failure of the joint accurs at last. Results demonstrate that there 
is a good agreement between the FE model and the tests. 
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1. Introduction1 
Composite cross-joints or T-joints have found broad 
application in product structures in aeronautics, astro-
nautics and ship buildings for a long time. In recent 
years, researches upon their failure mechanism and 
strength behaviour have also attracted close attention 
by way of experiments or numerical simulation or the 
combination of two. For instance, R. A. Shenoi[1-2] 
experimentally investigated the size effect on com-
pression strength of a T-joint. V. Marcadon[3] con-
ducted experiments to reveal fatigue process and 
damage mechanism of T-joints. E. E. Theotokoglou[4-5], 
S. Kumari[6], and M. K. Apalak[7] numerically simu-
lated the failure mechanism by means of finite element 
method (FEM), crack propagation mode and stress 
field patterns of T-joints which had undergone large 
deformation. M. K. Apalak[8] and S. Kumari[9] ana-
lyzed numerically nonlinear thermal stresses of 
T-joints in the nonhomogeneous temperature field and 
discussed the influences of hygrothermal environment 
on static strength of transverse stitched T-joints by 
means of FEM. H. Toftegaard[10], E. E. Theoto-
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koglou[11], and P. B. Stickler[12] analyzed tensile 
strength of sandwich FRP and stitched T-joints in ex-
periments and numerical simulation. J. S. Earl[13] in-
vestigated the influences of hygrothermal environment 
on mechanical properties of T-joints through both  
experimental observation and numerical simulation.  
It goes without saying that different production 
methods would result in distinct mechanical properties 
in products. With rapid growth of composite cross- 
joints or T-joints produced by resin transfer moulding 
(RTM), transverse stitch-RTM or cobonding tech-
niques, a comparative study on the mechanical behav-
ior of the parts produced with different methods is 
urgently needed, because it could provide important 
information as a basis for technologists to decide what 
method is the best choice. However, there appears to 
be precious few works carried out this subject, from 
the above review, most of researchers centered their 
attention upon the study on individual special issues of 
each method rather than on a comprehensive analysis 
of three methods as a whole. The article, therefore, 
aims to investigate and compare the influences of dif-
ferent processing methods on strength, the failure 
mechanism of the parts through tensile and shear tests, 
their failure process through numerical simulation, and 
finally make a quantitative prediction of their ultimate 
strength on the basis of FEM.  1000-9361© 2009 Elsevier Ltd. Open access under CC BY-NC-ND license.
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2. Material and Specimens 
As shown in Fig.1 and Fig.2, three types of cross- 
joint specimens for tensile and shear tests out of 2D 
orthogonal EW220/5284 PWF composite were pre-
pared using the same geometry and dimension (see 
Fig.3) by way of RTM, transverse stitch-RTM and 
cobonding techniques. Two bundles of EW220 glass 
thread were twisted into a single strand, and the warps 
and wefts of the fabric amount to 9 strands/cm and 7 
strands/cm (i.e., 18 bundles/cm and 14 bundles/cm), 
respectively. The strength of the warp and the weft of 
 
Fig.1  Three types of processing methods. 
 
Fig.2  Three types of cross-joints. 
 
Fig.3  Geometry and dimension of cross-joint. 
2D orthogonal EW220 glass fiber PWFs with a ply 
thickness of 0.22 mm are 400 MPa and 200 MPa, re-
spectively. 5284 epoxy resin was selected as the matrix 
of the composite cross-joints for long-term application 
in 150 °C hygrothermal environment. Table 1 and Ta-
ble 2 list the specification of 2D orthogonal EW220 
glass fiber PWFs and the property of the constitu-
ents—E-glass and epoxy resin respectively. The vol-
ume density of 5284 epoxy resin and the fiber volume 
fraction of EW220/5284 PWF composite are equiva-
lent to 1.2 g/cm3 and 55%, respectively. 
Table 1 Specification of 2D orthogonal EW220 glass fiber 
PWFs 
Specification Warp Weft 
Fabric count 9 strands (18 bundles)/cm 
7 strands (14 
bundles)/cm 
Yarn height/mm 0.10 0.10 
Yarn width/mm 0.56 0.56 
Undulated length/mm 2.86 2.22 
Undulated height/mm 0.12 0.12 
Area/mm2 0.058 0.058 
Inertial moment/(10–5mm4) 2.58 2.58 
Table 2 Property of E-glass and epoxy resin 
Property EW220 glass 5284 resin 
Elastic modulus/GPa 72 3.2 
In-plane shear modulus/GPa 29.5 1.13 
Poisson’s ratio 0.22 0.42 
Volume density/(g·cm–3) 2.5 1.2 
Fig.3 shows the geometry and dimension of these 
specimens. As shown, the cross-joint consists of two 
up-down symmetric webs and one horizontal central 
stratum panel. Fig.4 illustrates the fabric stacking se-
quence of the T-joint. From Fig.3, it can be observed 
that the T-joint is made up of the webs/flanges and side 
plates, 3 mm thick, which are stacked together with 
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eighteen fabric lay-ups. The horizontal central stratum 
panel with a thickness of 2 mm is comprised of twelve 
fabric lay-ups. It is noted that there is a penetrating 
notch in horizontal central stratum panel along the 
symmetric axial plane of the cross-joint in order to 
determine the interface shear property between the 
T-joint and the horizontal central stratum panel. From 
Fig.4, a small geometrically complex resin-rich trian-
gle-like zone could be found bordered by both left and 
right curved webs and one bottom plate. 
 
Fig.4  Material make-up of RTM cross-joint. 
The optimal processing parameters of RTM derived 
from the numerical resin flow simulation are as fol-
lows: injection pressure p = 0.3 MPa, injection tem-
perature 60-80 °C, and resin viscosity K = 0.1 Pa·s. All 
RTM- made cross-joints were produced by stacking up 
2D orthogonal EW220 glass fiber PWF layers one 
over the other in a steel mould following the sequence 
shown in Fig.4, infusing in it with 5284 epoxy resin as 
a matrix following the optimal processing parameters 
in a closed steel mould, and then having it consoli-
dated. During consolidation, the composite preform 
was first heated up to 160 °C at a rate of 5 °C/min and 
held for 1 h at this temperature, and then heated up 
again at the same rate to the desired temperature of 
180 °C, at which the specimen was held for 2 h. Next, 
the mould was cooled to room temperature and the 
consolidation was completed.  
All stitch-RTM-made cross-joints were produced by 
stacking up 2D orthogonal EW220 glass fiber PWF 
layers, which were stitched in a transverse zigzag pat-
tern using Kevlar (TM) threads with an 8 mm stitch 
spacing and an 8 mm row spacing, and then infusing it 
with 5284 epoxy resin in a closed steel mould, and 
finally having it consolidated in the same method as 
RTM.  
In order to prepare a cobonding-made cross-joint, 
both T-joints and one central stratum panel (see Fig.4) 
were produced in the same method as the RTM process, 
then cobonded into a cross-joint (see Fig.4), and con-
solidated with a second heating-up. 
3. Experimental Results and Discussion 
Since there were no standards related to control tests 
for possible reference in performing tensile and shear 
tests of composite cross-joints, a new experimental 
procedure was presented in this article. All tensile and 
shear tests were carried out on MTS880-100 kN 
servo-hydraulic machine at dry state, room tempera-
ture, and a continuous loading rate of 3 mm/min. 
Fig.5(a) and Fig.5(b) show the boundary conditions 
and load directions in the tests. 
 
Fig.5  Boundary conditions and load directions. 
Results from the tensile tests of the RTM-made and 
stitch-RTM-made cross-joints show debonding of resin 
appearing first in the triangle-like resin-rich zone, 
which is followed by interlaminar delamination propa-
gating along the interfaces between the resin-rich zone 
and adjacent curved PWF composite webs from the 
upper angle-like zone to the lower zone. This process 
ends in departure of both left and right curved webs 
from the bottom plate (see Fig.6). Hence, the failure 
mode of RTM- and stitch-RTM-made cross-joints in 
tensile tests can be reckoned to be characteristic of 
resin debonding and propagation from upper triangle- 
like resin-rich zone. In contrast, as distinct from RTM- 
and stitch-RTM-made products, the cobonding-made 
cross-joints in tensile tests experiences the failure the 
way beginning with occurrence of debonding along the 
interface between the T-joint and horizontal central 
stratum panel followed by its propagation ending in 
complete separation of T-joint from the panel. 
The load-displacement (p-G) curves of specimens in 
tensile tests were automatically recoded by the tester 
itself (see Fig.7). From them, it is apparent that the ten- 
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Fig.6  A tensile failure mode of RTM-made cross-joint. 
 
(a) RTM-made cross-joints 
 
(b) Stitch-RTM-made cross-joints 
 
(c) Cobonding-made cross-joints 
Fig.7  Tensile load-displacement curves. 
sile strength properties of the three types of cross- 
joints are almost identical in having an approximately 
linear elastic region. However, an existence of several 
jumping values on the p-G curves of stitch-RTM-made 
cross-joints marks a minor difference between the 
stitch-RTM-made cross-joints on one side and RTM- 
and cobonding-made cross-joints on the other. This is 
because the debonding of resin in resin-rich zone 
causes load decreasing on p-G curves. When the resin 
delamination propagating along the interface between 
resin-rich zone and adjacent curved web/flange 
reaches transverse stitch threads, the threads would 
resist its further propagation thus causing load to in-
crease up to the breaking of stitch threads, after which 
the load decreases and another turn of increase would 
restart and induce final rupture of the specimen. Con-
sequently, the stitch threads function as obstacles 
against the propagation of delamination. Fig.8 and 
Table 3 illustrate the tensile strength of three types of 
specimens. From them, it could be determined that the 
strength of RTM-made cross-joints is 21.7% and 
33.6% higher than stitch-RTM- and cobonding-made 
parts, respectively. This bears out the edge of the 
RTM- made cross-joints over the others in terms of 
strength. 
 
Fig.8  Tensile failure loads of three types of specimens. 
Table 3 Tensile failure loads of cross-joints (Unit: N) 
Specimen No. RTM Stitch-RTM Cobonding 
1 6 604 6 231 3 919 
2 6 240 5 501 5 138 
3 6 264 3 768 5 275 
4 6 366 6 133 4 861 
5 6 267 5 093 4 568 
6  5 577  
Mean 6 348.2 5 214.4 4 752.2 
Standard deviation 150.90 897.27 539.02 
It has been found that in in-plane shear tests, the 
failure processes and modes for RTM-made and co-
bonding-made specimens are similar. The debonding 
of resin first occurs at the interface between T-joint 
and central stratum panel, and then propagates until 
the central stratum panel is pulled out (see Fig.9). 
Fig.10 show the load-displacement (p-G) curves of 
RTM- and cobonding-made cross-joints in the shear 
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tests. From them, it is clear that there are three regions 
on both p-Gcurves. The first region termed the “elastic 
regime” is characterized by a linear increase before a 
tiny kink. The kink is followed by a so-called harden-
ing phase with the curve continuing to rise in a smooth 
and approximately linear manner up to the peak-ulti-
mate strength at a lower rate than in the elastic regime. 
After the peak, the third region or the final stage of 
fracture process begins, in which the joints experi-
enced continuous softening until the failure turns up. 
The shear strength of RTM- and cobonding-made 
cross-joints is shown in Fig.11, from which, it is evi- 
 
Fig.9  Failure modes in shear test.  
 
(a) RTM-made cross-joints 
 
(c) Cobonding-made cross-joints 
Fig.10  Shear load-displacement curves. 
 
Fig.11  Shear failure loads of two types of specimens. 
dent that the RTM-made cross-joint is stronger. As a 
result, it is convinced that the RTM-made cross-joint is 
also superior in resistance to structural shear failure to 
the cobonding-made cross-joint. 
From the above analysis, it is obvious that the RTM- 
made cross-joint holds superiority in terms of me-
chanical properties among the products manufactured 
with the three different technologies. This is due to the 
adhesive layers that lower more tensile and shear 
strength than composite laminates or components. Al-
though the stitch threads are capable of retarding 
propagation of delamination in the joint to a certain 
extent, the stitch threads result in the changes of inter-
lace operation in fabric and the stress concentration 
around the stitching holes, which decrease tensile 
strength. Hence, the tensile strength of stitch-RTM- 
made cross-joints is lower than that of the RTM-made. 
4. FE Modeling 
It is well-known that FE modeling is helpful in mak-
ing accurate assessment of failure strength of compos-
ite joints under general loading conditions. Because of 
its simpler boundary condition, an eudipleural T-joint 
or a half of cross-joint was chosen to be modeled and 
local coordinate systems were then set up to ensure 
that fibers are 3D oriented correctly, i.e. to keep three 
axial directions of the coordinate system consistent 
with the three principal stresses. As shown in Fig.4, 
there is a geometrically complex triangle-like resin- 
rich zone bordered by both curved webs and one bot-
tom plate. Therefore, well suited to model irregular 
meshes, the higher order 3D, 10-node SOLID187 ele-
ment (i.e., pyramidal or tetrahedral element) of AN-
SYS code with quadratic displacement behaviour was 
implemented to model the zone to attain accuracy 
higher than the cubic element. By using the pyramidal 
or tetrahedral elements, the mesh density could be up-
graded to allow a smooth increase of element number 
in the intricate triangle-like zone (see Fig.12(a)). 
Fig.12(b) defines the loading and boundary conditions. 
It shows that the bottom plate of T-joint was restricted 
in the vertical direction and a tensile load was exerted 
on the upper free end of the T-joint. Thus, a 3D FE 
model was generated and used to model the stress and 
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strain patterns of the T-joint in association with rele-
vant material properties listed in Table 4. 
 
(a) Triangular zone 
 
(b) T-joint 
Fig.12  FE meshes of triangular zone and T-joint. 
Table 4 Material properties of composite used in FE 
analysis 
EW220/5284 plain weave fabric composites 
Longitudinal (warp) elastic modulus E1/GPa 19.3 
Transverse (weft) elastic modulus E2/GPa 14.2 
Through-thickness elastic modulus E3/GPa 1.3 
Longitudinal tensile strength/MPa 492.5 
Transverse tensile strength/MPa 379.6 
Poisson’s ratio Q12 0.15 
Poisson’s ratio Q13 0.01 
Poisson’s ratio Q23 0.01 
In-plane shear modulus G12/GPa 6.5 
In-plane shear modulus G13/GPa 3.0 
In-plane shear modulus G23/GPa 3.0 
Ply thickness/mm 0.22 
Fiber volume fraction/% 55 
Isotropic pure 5284 resin 
Tensile elastic modulus Et/GPa 3.2 
Tensile strength/MPa 70.0 
Compressive elastic modulus Ec/GPa 3.46 
Compressive strength / MPa 199.1 
Poisson’s ratio Q 0.42 
In order to verify the simulated results of T-joint 
with the above-described FE model, a comparison was 
carried out between the experimental tensile load-dis-
placement curve and the simulated results (see Fig.13). 
Fig.13 demonstrates that, under the load of 3 kN, the 
predicted values from the simulation are in good 
agreement with those from the experiments. The ex-
perimental results appear relatively weaker as against 
the simulated results, which means somewhat of de-
viation there is between them. This owes to the neglect 
of nonlinearity in geometry and material in linear FE 
analysis. In fact, plastic deformation generally leads to 
decline of modulus, which is always omitted by linear 
FE analysis in using ANSYS code with the intent of 
simplification. This results in the greater calculated 
results than the experimental. Nonlinear FE simulation 
is expected to be the basis for further numerical inves-
tigation. 
 
Fig.13 Comparison between experimental and simulated 
tensile load-displacement results. 
Typical stress patterns of a RTM-made T-joint in 
horizontal and vertical direction were obtained from 
the FE modeling under a tensile load of 6 480 N (see 
Fig.14(a) and Fig.14(b)). From them, it is observed 
that the stress concentration occurs in the upper trian-
gle-like resin-rich zone and develops along the free 
edges of both curved webs of the joint. The maximum 
equivalent stress along both free edges of the webs is 
greater than that in the resin-rich zone. It is well 
known that the tensile strength of resin is much lower 
than that of PWF composites, therefore, it stands to 
reason that the upper triangle-like zone might be the 
weakest place of the joint, where failure of resin would 
firstly start. The experimental observation underpins 
the hypothesis. 
In the case of a tensile load of 6 600 N, the maxi-
mum principal stress on resin in the upper resin-rich 
zone of the joint is near 80 MPa which exceeds the 
tensile ultimate strength of resin, 70.0 MPa (see Table 
4). This would cause resin to peel due to the higher 
peel and shear stress concentration according to the 
rule of maximum stress, which might in turn lead to 
more debonding of resin and more intense delamina-
tion along the interfaces between the curved webs and 
resin-rich zone. This phenomenon is exactly consistent 
with the findings about failure process and the mode in 
experiments introduced in the above section (see 
Fig.6). 
From the experimental results in Fig.7(a) and Table 
3, the mean value of tensile strength of the RTM-made 
cross-joint amounts to about 6 348.2 N. This agrees well 
with the predicted value of failure strength, 6 480 N, 
implying that the presented FE model is valid to make 
strength analysis for RTM-made composite joints. 
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(a) Horizontal stress pattern 
 
(b) Vertical stress pattern 
 
(c) Equivalent stress pattern 
Fig.14  Stress patterns of T-joint. 
5. Conclusions 
This article focused on experimental study upon ten-
sile and shear strength of cross-joints made of 2D 
PWF composites and manufactured by the RTM, 
transverse stitch-RTM and cobonding techniques sepa-
rately. Comparison was made of the tensile and shear 
strength among the products made with different ap-
proaches and their failure mechanism were investi-
gated. The effects of processing methods on mechani-
cal properties of the cross-joints were analyzed and 
some significant experimental and analytic results 
were obtained. A 3D FE model was also put forward to 
assess the static behavior of the cross-joints. It is evi-
denced that the proposed FE model could be used in 
practices and possesses acceptable accuracy. 
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